Thyroid dysfunction, a common long-term complication following bone marrow transplantation (BMT), is frequently associated with total body irradiation (TBI) given in the pre-BMT conditioning protocol. We report our preliminary observation of the prevalence of thyroid dysfunction in children transplanted for primary immunodeficiency (PID) who were given cytoreductive conditioning with busulphan and cyclophosphamide, but without TBI. We evaluated thyroid-stimulating hormone (TSH) and free thyroxine (fT4) in 83 survivors transplanted between 1987 and 2002. We found nine children (10.8%) with clinical and/or biochemical thyroid dysfunction at 4 months to 4.5 years post-BMT of which three had positive antithyroid microsomal antibodies. Two patients were classified as primary and seven as compensated hypothyroidism (hyperthyrotropinaemia). Four patients with clinical features of hypothyroidism received replacement thyroxine, while five of the seven patients with compensated hypothyroidism remain off thyroxine because we suspect this may be a transient phenomenon. Abnormalities of thyroid function including severe primary hypothyroidism may occur post-BMT in children receiving chemotherapy conditioning without TBI. Thyroid function should be assessed regularly in this group of patients.
Thyroid function abnormalities, with an overall incidence of 25-40%, are the commonest endocrine complications after allogeneic 5 and autologous 6 BMT in childhood. Hypothyroidism, often compensated and transient, is most common and usually presents at 6-12 months post-BMT, while frank clinical hypothyroidism is rare. 7 Euthyroid sick syndrome 8 and transient thyrotoxicosis 9 may also occur within the first 6 months post-BMT and progress to hypothyroidism later. The mechanisms of hypothyroidism developing post-BMT remain unclear. 10 Although classically associated with total body irradiation (TBI) given in the pre-BMT conditioning, thyroid dysfunction has been reported after chemotherapy-only conditioning. 11, 12 Other factors, including the underlying disorder necessitating the BMT, the process of transplantation itself (ie T cell depletion (TCD), graft-versus-host disease (GvHD), viral infection or reactivation, adoptive transfer from the donor) and immune reconstitution post-BMT could all increase susceptibility or expose the patient to thyroid damage. 10 We report abnormalities of thyroid function in our series of children treated for different primary immunodeficiency (PID) and juvenile malignant osteopetrosis (OP) with BMT without TBI as part of the conditioning protocol.
Patients and method
In 83 long-term survivors transplanted in our centre between 1987 and 2002 for different PID (n ¼ 81; SCID ¼ 49, CID ¼ 9, WAS ¼ 7, CGD ¼ 11, XL-HIM ¼ 5) (SCID: severe combined immunodeficiency; CID ¼ combined immunodeficiencies; WAS ¼ Wiskott-Aldrich Syndrome; XL-HIM: X-linked hyper-IgM Syndrome (CD40-ligand deficiency) and OP (n ¼ 2), thyroid function was evaluated at regular follow-up (n ¼ 79) or at presentation with clinical symptoms suggestive of thyroid dysfunction (n ¼ 4). Since 2000, all long-term survivors 42 years post-BMT (n ¼ 43) have had their thyroid function evaluation at annual follow-up, and those within the first 2 years post-BMT (n ¼ 36) at 3 monthly intervals during the 1st year and 6 monthly during the 2nd year. All patients were diagnosed according to the current classification for primary immunodeficiencies, 13 and the BMT procedure and conditioning was performed according to the guidelines of the ESID/ EBMT Working Party (European Society for immunodeficiency Disorders/European Group for Blood and Marrow Transplantation).
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Thyroid-stimulating hormone (TSH) and free thyroxine (fT4) were measured by the immunoassay system (Advia Centaur, Bayer). The reference range used was that provided by the assay kit manufacturers (TSH normal range 0.35-5.5 mIU/l; FT4 normal range 11.5-22.7 pmol/l). The intra-assay and interassay coefficient of variations (CVs) provided by the manufacturer for measurement of TSH (at a mean value of 5.6 mIU/l) were 2.4 and 3.4%, respectively. The intra-assay and interassay CVs provided by the manufacturer for measurement of FT4 (at a mean value of 14 pmol/l) were 2.3 and 1.9%, respectively. A normal thyroid profile was defined by a normal fT4 with a normal or low TSH, primary hypothyroidism by a low fT4 with a high TSH and compensated hypothyroidism (hypethyrotropinaemia) by a normal fT4 with an elevated TSH.
Antithyroid microsomal antibodies were measured by the particle agglutination method (Serodia) in patients with symptoms suggestive of thyroid dysfunction or with a laboratory abnormality of thyroid function.
Results
We found clinical and/or laboratory thyroid dysfunction in nine (three female and six male) of 83 patients (10.8%). Patients with clinical symptoms of hypothyroidism presented at 9-18 months post-BMT, while laboratory thyroid dysfunction was discovered at 4 months to 4.5 years post-BMT (Table 1) .
Indications for BMT in the nine patients with clinical and/or laboratory thyroid dysfunction post-BMT were WAS (n ¼ 2), OP (n ¼ 1) and SCID (n ¼ 6; one of each due to mutations in RAG2 (recombinase activating gene), CgC (common gamma chain), Artemis and ADA (adenosine diaminase), and two in JAK3 (Janus associated kinase) genes). 13 All patients were clinically euthyroid before BMT and the three that were evaluated had normal thyroid function tests pre-BMT. The six SCID patients received haploidentical parental TCD bone marrow while the patients with WAS and OP received whole marrow from an unrelated donor (n ¼ 2) and from a phenotypically matched parent (n ¼ 1). All donors were clinically euthyroid, and six who were evaluated (donors for patients 2, 4-7 and 9) had normal thyroid function tests. Patients 3 and 4 had previously unsuccessful BMT procedures for which they received cytoreductive conditioning without TBI. The first eight patients received conditioning with busulphan and cyclophosphamide, patients 1, 2 and 3 received additional anti-T lymphocyte globulin (ATG) (rabbit ATG, IMTIX-SANGSTAT) and patient 9 did not received conditioning. None of the patients received TBI (Table 1) .
All patients engrafted and showed donor chimerism of T cells with donor or mixed chimerism of B cells (data not shown). Their T cell function assessed by in vitro response to mitogen phytohaemagglutinin (PHA) or by in vivo clearance of pre-existing viral infection was normal (data not shown). Patients 5, 8 and 9 remain on intravenous immunoglobulin (IVIg) substitution at the moment; others (patients 1-4, 6, 7) have normal immunoglobulin production and are making specific antibody responses to protein vaccine antigens.
Acute GvHD 14 occurred in four (patients 1, 2 and 6 had grade II and patient 7 grade I) while two patients (1 and 2) had limited (transient) chronic GvHD. 15 Thyroid microsomal antibodies were detected in three patients (3, 4 and 6) .
The first two patients, both male, presented with clinical features of hypothyroidism 18 and 12 months post-BMT for WAS (Table 1) . Another two, a boy and a girl, had milder symptoms suggestive of hypothyroidism at 9 and 12 months post-BMT for OP and SCID, respectively. Two of these four (patients 1 and 4) were classified as primary hypothyroidism based on their laboratory tests, and were started on replacement thyroxine therapy. The other two were followed up at 3-6 monthly intervals and started on replacement thyroxine after 3 (patient 2) and 24 months (patient 3), as their clinical features and elevated TSH levels persisted in spite of normal fT4. A further five patients were only discovered on routine formal thyroid function testing as they had no clinical symptoms suggestive of hypothyroidism. Patient 6 is from the group of patients on annual follow-up (n ¼ 43) and was discovered at 4.5 years post-BMT but his elevated TSH level returned to normal within the next 6 months. The other four (patients 5, 7-9) are from the group tested repeatedly during the first 2 years post-BMT (n ¼ 36). Therefore, seven patients were classified as having compensated hypothyroidism (patients 2, 3, 5-9). Although two (patients 2 and 3) were treated with thyroxine, in the remaining five (patients 5-9) we suspect that this could be a transient phenomenon so they remain off treatment but under active clinical and biochemical review.
Of the four patients started on replacement thyroxine, one with primary (patient 1) and one with compensated hypothyroidism (patient 2) had cGvHD. Although both had transient autoimmune thrombocytopenia post-BMT, neither had anti-thyroid microsomal antibodies (Table 1) . Both had adenovirus infection pre-BMT and Ebstein-Barr virus (EBV) reactivation post-BMT, the latter causing clinical features of EBV-related lymphoproliferative disease (LPD) in patient 2. The other two patients who were started on thyroxine replacement (patients 3 with compensated and 4 with primary hypothyroidism) had no evidence of GvHD, but interestingly, both had antithyroid microsomal antibodies.
Discussion
This is the first report of thyroid dysfunction occurring after BMT for different PID and OP. It is of note that none in our cohort of 83 children received TBI as part of their conditioning. Combined clinical and/or laboratory thyroid dysfunction was found in nine children (10.8%). Four children who had mild to moderate clinical symptoms presented within the 1st or 2nd year post-BMT, while those with only laboratory thyroid dysfunction presented as early There is a number of postulated mechanisms that could lead to abnormalities of thyroid function post-BMT. 6, 10, 16 First, thyroid hormone values above a quoted laboratory normal range will be seen in a small percentage of healthy subjects. 17 Euthyroid sickness with an associated increase in TSH levels is also a well-recognised phenomenon as patients recover from severe illness, 18 and we suspect that this is the underlying mechanism in at least one of the patients in our series. Third, during the BMT procedure itself virally induced inflammatory thyroiditis (eg CMV reactivation) or the adoptive transfer of antithyroid antibodies (or T cells) from the donor, 10 even when using the CD34 þ selection procedure, 19 can cause thyroid dysfunction. None of the donors tested for six of our patients had antithyroid antibodies or thyroid disease, and there is no evidence in our series to implicate cytomegalovirus (CMV) infection although two patients had EBV reactivation. Fourth, autoimmune thyroiditis, although uncommon in young children, is the commonest cause of primary hypothyroidism in the general population. 20 However, the underlying diagnosis of PID is a wellrecognised predisposing factor for the development of autoimmune disease even in very young children. 21 Patients with WAS, in particular, are prone to developing a wide spectrum of autoimmune disorders but there was no autoimmune thyroid disease reported in the two large patient series recently published. 22, 23 In addition to the altered immune function due to the underlying immunodeficiency, [21] [22] [23] a haplotype that is associated with autoimmune illness (HLA DQ2 and/or DQ8) may predispose to thyroid dysfunction post-BMT. 24 In contrast to this, autoimmune thyroid damage and hypothyroidism have been reported in infants with combined PID such as IPEX (immunodeficiency, polyendocrinopathy, enteropathy, X-linked) 25 and Omenn syndrome. 26 None of our patients had clinical or laboratory features to suggest autoimmune thyroid disease before BMT. Therefore, although a theoretical possibility, primary autoimmune thyroid disease is not a likely underlying cause of hypothyroidism in our patients. Fifth, hypothyroidism post-BMT is usually associated with TBI given pre-BMT, and conditioning with chemotherapy without TBI is often considered as less likely to predispose to hypothyroidism post-BMT. 16 However, reports of thyroid dysfunction occurring after chemotherapyonly based conditioning 7, 8, 11, 12 demonstrate that irradiation of the thyroid gland is not the only factor responsible. Inflammatory thyroiditis secondary to GVHD-induced damage is a potential cause of subtle thyroid dysfunction post-BMT. GVHD may stimulate and suppress the immune system, the latter due to either direct immunosuppressive effects or as a consequence of treatment, which may also affect endocrine function. 10 Two of our four patients who received thyroxine replacement had limited chronic GVHD post-BMT for WAS requiring immunosuppressive treatment, and both had EBV reactivation (Table 1) . Both received high dose busulphan (16 mg/kg), cyclophosphamide and ATG in conditioning, with cyclosporine A and methotrexate as GvHD prophylaxis and both received unmanipulated bone marrow. Neither had antithyroid microsomal antibodies, but both had autoimmune thrombocytopenia post-BMT. The third patient with limited transient chronic GvHD had the standard conditioning for parental TCD BMT for SCID. He had antithyroid microsomal antibodies and only transiently elevated TSH with normal fT4 at 4.5 years post-BMT. Two other patients who received thyroxine replacement had undergone previous unsuccessful BMT procedures for OP and SCID, with conditioning regimens including busulphan 8 mg/kg (and one of them had ATG). For the subsequent BMT procedure, both received high dose busulphan (16 mg/kg) and cyclophosphamide conditioning with cyclosporine A (one received methotrexate as well) as GVHD prophylaxis. One received unmanipulated and one parental TCD bone marrow, neither developed GvHD but both had antithyroid microsomal antibodies. Immune-mediated destruction of the thyroid is therefore another proposed factor. 6, 10, 14 Indeed, various autoantibodies including the antithyroid autoantibodies have been reported post allogeneic or autologous BMT, 6 but their occurrence is thought to be independent of acute or chronic GVHD and their clinical significance is unknown. 27 The current hypothesis is that autoantibodies are the expression of an abnormal (skewed) T and B reconstitution with altered immune response. 6, 10, 14, 27 The observed development of autoimmune thyroid disease in patients treated with immunosuppressive monoclonal antibodies, that is, CAMPATH-1H for multiple sclerosis 28 and ATG for aplastic anaemia, 29 supports this hypothesis. Given these factors it is perhaps surprising that thyroid dysfunction is not more common post-BMT in children with different underlying PID, although our preliminary observation and largely cross-sectional study was not designed to detect transient abnormalities that may have occurred in some patients.
Conclusion
Our results emphasise the importance of vigilance for thyroid disease post-BMT. Primary, symptomatic hypothyroidism can occur in children with PID after BMT, even in patients given cytoreductive conditioning without TBI. It may be of early or late onset and should be actively sought. However, transient abnormalities of thyroid function are more commonly observed and may be linked to recovery from severe illness in some patients.
We suggest that TSH and fT4 be measured pre-BMT, at 3 months post-BMT and at 6 monthly intervals during the first and second year post-BMT, and then annually or biannually at routine follow-up appointments. Children with biochemical hypothyroidism or persistent compensated hypothyroidism and associated symptoms should be treated with thyroxine supplementation to optimise well being and to prevent possible growth failure and delayed development.
